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ABSTRACT 
 
The permeation of hydrogen in steel in the presence of acid gases is not a simple phenomenon 
as the steel may contain trapping sites and also because the permeation may be governed by 
surface reactions associated with corrosion. Recently, hydrogen permeation experiments carried 
out at the corrosion potential have shown a constant flux for various membrane thicknesses in 
the range 0.05 – 0.8 mm. These results revealed the difficulty to express the flux for thicker steel 
membrane (i.e. pipe) from laboratory studies on thin membranes, as the classical rule (flux 
proportional to the inverse of the membrane thickness) is not always applicable and not 
conservative. 
 
This paper presents new permeation results, obtained on steel membranes up to 10 mm thick. 
The transition between thin and thick membranes is clearly established, and is in the millimeter 
range in sour conditions. The necessity to adopt a new interpretative framework to link 
permeation measurements and hydrogen cracking mechanisms is reinforced. For thin 
membranes, the permeation flux is constant and governed only by the charging flux crossing the 
entry face. This surface mechanism is probably correlated with surface cracking mode, like SSC. 
On the other hand, the traditional concept of diffusion can only be used in thick membrane 
situations. The diffusion flux is inversely proportional to the sub-surface concentration. This 
concentration is in direct relation with the hydrogen activity in the steel, which is probably 
correlated with internal cracking modes, like HIC. 
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INTRODUCTION 
 
Hydrogen damage is one of the major causes of steel equipment failures in the oil & gas 
industry1-7. It is caused by the dissolution of hydrogen in the steel, as a result of the cathodic 
reduction of H+ which accompanies the anodic oxidation of iron in acid media. The reduction of 
water molecules by cathodic overprotection is another potential source of reduced H+. Several 
failure modes can occur in service, for example: 
- hydrogen induced cracking (HIC), corresponding to internal cracks generated by the 
recombination of hydrogen to gaseous molecules at certain appropriate traps in the steel, 
like MnS inclusions of pearlite bands. This failure mode is strictly internal, and does not 
require an external stress2,8-15. 
- Hydrogen stress cracking (HSC), also designed as sulfide stress cracking (SSC) when 
H2S is present: this cracking mode is generated from the surface of the steel and 
requires an applied stress16-24. 
The presence of H2S is known to have an aggravating influence. 
 
In this respect, measurement of hydrogen permeation through steel membranes is an interesting 
technique, as it allows the determination of some important parameters like the diffusion 
coefficient and the hydrogen concentration in the metal20,21,25-33.  
 
Another issue of hydrogen permeation through steels was recently discussed for pipe-in-pipe 
applications34. Pipe-in-pipe structures might be used when thermal insulation is required to 
assure flow. In such systems, the production fluid is transported in the internal pipe. The thermal 
barrier is achieved by a vacuum or insulating material in the annular space between the internal 
and external pipe. Then, if hydrogen permeates through the steel and enters the annulus, the 
thermal efficiency might be lost. 
 Hydrogen Permeation and Hydrogen Cracking Susceptibility 
 
Hydrogen permeation measurements have long been used as an experimental method for the 
assessment of hydrogen cracking mechanisms, and especially through the determination of the 
concentration of dissolved hydrogen. Many authors have used electrochemical permeation 
measurements for laboratory evaluation of steel susceptibility to all forms of hydrogen induced 
cracking, either HIC25,27 or SSC16,17,20,21,32,33,35. Other studies even used hydrogen permeation as 
a unique experimental technique, for comparing different thermal treatments36,37 for martensitic 
low carbon steels. More academic studies also used different permeation techniques for a 
discussion of sour environments severity towards HIC or SSC38. 
 
More recently, on-site monitoring by an air stream measurement device39 has also been made 
available. This apparatus has been applied on-site for the evaluation of refinery equipment40,41 
pressure vessels42 or for wet sour gas pipelines43. It was also used for laboratory studies on 
thick steel membranes44-46. 
 
The modeling of hydrogen permeation data usually considers an adsorption step from the 
solution to the metal surface, followed by an absorption in the bulk metal28,47-50. The first reaction 
to be considered is the adsorption of hydrogen at the metal surface (Volmer reaction): 
 
 
( ) ( )aq M adsH e H
   (1) 
 
where 
( )aqH

 represents a hydrated proton, ( )Me

 an electron usually supplied by the metal M, and 
adsH  represents a hydrogen atom adsorbed at the surface.  
 Once adsorbed, 
adsH  can either recombine to molecular hydrogen ( 2H ), or be transferred from 
an adsorbed state at the surface to an absorbed state in the bulk metal. Recombination can 
occur following the Tafel (Equation 2) or Heyrowsky (Equation 3) reactions: 
 
 
2ads adsH H H  (2) 
 
 
( ) ( ) 2ads aq MH H e H
    (3) 
 
The surface – bulk transfer can be written as: 
 
 
ads absH H  (4) 
 
The rates of this reaction depend mainly on the surface coverage by adsorbed hydrogen (
adsH ) 
and on the subsurface concentration of absorbed hydrogen (
absH ). Once absorbed in the sub-
surface 
absH  can diffuse in the metal. 
 
Most of the aforementioned studies on HIC or SSC were made with the assumption that the 
Fick's laws of diffusion can be applied. Considering one-dimensional diffusion though a 
membrane of thickness L , the diffusion coefficient of hydrogen in steel can be determined from 
the analysis of the permeation transients  J t . Under these conditions, the ratio between the 
permeation transient  J t  and the steady-state flux ssJ  corresponding to the second Fick's law 
depends on the diffusion coefficient D  and on the membrane thickness L  51,52 : 
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The diffusion coefficient may then be calculated from the transient curve using for example the 
time lag method ( lagt  corresponds to the time at   0.63ssJ t J  ):  
 
 
2
6 lag
L
D
t


 (6) 
 
Another method of calculation is based on the breakthrough time (
bt ) corresponding to the 
elapsed time measured by extrapolation of the linear portion of the rising transient to   0J t  : 
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Many other methods have been described elsewhere51,52.  
 
Once the steady-state is reached, the hydrogen sub-surface concentration at the entry face C  
can be determined with the first Fick's law of diffusion from 
ssJ  and the diffusion coefficient D : 
 
 
ssJ D C L   (8) 
 
 
However, this steady state situation strongly depends on the boundary conditions of the system 
and on the rate determining steps. The main cases are illustrated for a metal membrane with 
one face in contact with the test solution. Only the steady state permeation is considered, and 
the trapping is neglected. Then, the path between 
adsH  at the entry face and the extracted H  at 
the exit face can be described by four main fluxes (Figure 1): 
- 
chJ , the charging flux at the entry face, corresponding to the transfer from the adsorbed to 
absorbed state, 
- degJ , the degassing flux at the entry face, corresponding to the transfer from absorbed to 
adsorbed state, 
- diffJ , the diffusion in the bulk metal from the entry face to the exit face, 
- 
ssJ , the net steady-state extraction flux at the exit face, corresponding to the balance between 
surface – bulk transfer and bulk – surface transfer at the exit face. The steady-state extraction 
flux could either correspond to physical degassing (
vJ ) for permeation measurements in 
vacuum or air, or to anodic extraction flux (
aJ ) for electrochemical measurements. 
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Figure 1: Different hydrogen fluxes through a steel membrane. 
  
 
Considering that the extraction is ideal, the mass balance at the entry and exit faces gives: 
 
 degss diff chJ J J J    (9) 
 
Then, two main cases are distinguished, depending on the conditions at the entry and exit faces 
of the specimen38,53-55: 
 
1. If there is no concentration gradient, there is no driving force for diffusion in the bulk 
metal. Then the diffusion flux diffJ  in the bulk is zero. From Equation (9), we obtain: 
 
 0ss diffJ J   (10) 
 degchJ J  (11) 
 
The concentration of dissolved hydrogen is the same in the whole sample, and is equal 
to the sub-surface concentration 
0C , which is governed by the surface – bulk equilibrium 
at the entry face. 
 
2. If the concentration at the exit face is fixed to zero by an appropriate extraction method, a 
concentration gradient is established through the membrane giving rise to diffusion of H  
in the metal. This is the practical case of most of the experimental studies of hydrogen 
permeation. Two limiting cases can be considered, depending on the relative values of 
diffJ , chJ  and degJ . According to Protopopoff and Marcus
50, if the membrane is thick or 
the diffusion coefficient D  is low, the permeation rate is limited by the diffusion rate in 
the bulk metal. Then: 
 
 degdiff chJ J J  (12) 
 
The surface – bulk transfer rates 
chJ  and degJ  are in quasi-equilibrium, and the hydrogen 
subsurface concentration 
0C  is the same than in the first situation. Then, the diffusion 
flux is inversely proportional to the membrane thickness: 
 
 0diffJ D C L   (13) 
 
This situation is described by Crolet and co-worker38,53-55 as a "thick membrane" case, for 
which the sub-surface concentration 
0C  does not depend on the membrane thickness. In 
such conditions, the experimental value of 
0C  can be extrapolated to any membrane of 
the same steel exposed to the same solution, and the diffusion flux can be calculated 
from the new membrane thickness. 
 
On the other hand, from equation (13), we can see that the decrease of the membrane 
thickness (or an increase of the diffusion coefficient) induces an increase of the diffusion 
flux diffJ . For sufficiently thin membranes, diffJ  is no longer negligible towards chJ  and 
degJ  and a new limiting case replaces Equation (12): 
 
 degdiff chJ J J   (14) 
 
The rate determining step is no longer the diffusion in the bulk metal, but the rate of 
hydrogen entry (
chJ ). As a result, the diffusion flux diffJ  becomes independent of the 
membrane thickness. Similarly, the hydrogen sub-surface concentration 
*C  is no more 
governed by the surface – bulk equilibrium at the entry face, but rather by the diffusion in 
the metal: 
 
 
*
0diff chC J L D J L D C      (15) 
 
This situation is described by Crolet and co-workers38,53-55 as a "thin membrane" case, for 
which the diffusion flux is constant and does not depend on the membrane thickness. In 
such conditions, the value of the hydrogen sub-surface concentration 
*C  can not be 
extrapolated to thicker membranes.  
 
According to this model, the hydrogen sub-surface concentration and the diffusion flux follow two 
parallel but opposite evolutions with the test membrane thickness (Figure 2):  
- below the critical thickness, in a thin membrane situation, the sub-surface concentration 
of hydrogen is proportional to the thickness, and the diffusion flux is constant, 
- above the critical thickness, in a thick membrane situation, the sub-surface concentration 
is constant and the diffusion flux is inversely proportional with the thickness. 
 
 Figure 2: Evolution of (a) the hydrogen sub-surface concentration C, and (b) the permeation flux 
JA as a function of the normalized membrane thickness d / dcrit (from ref. 54). 
 
From the practical point of view, permeation measurements on thick membranes only allow an 
accurate determination of the hydrogen concentration in the steel at equilibrium. For the studies 
of internal hydrogen effects, such as HIC, measurements on thick membranes are necessary. 
On the other hand, permeation measurements on thin membranes are useful for the 
determination of the charging flux 
chJ  crossing the entry face. Therefore, external hydrogen 
effects, such as SSC, which are controlled by the raw charging flux 
chJ  crossing the entry face, 
should be evaluated with the aid of permeation measurements through thin membranes.  
 
Unfortunately, the critical thickness (
critd ) where the transition between thin and thick membrane 
situation arise is not universal, but depends on the environment (pH, pH2S, polarization...) and 
also on the metal properties. It is therefore important to have an idea of the critical thickness for 
given steel and given environment.  
 
For permeation studies in sulfuric acid or acetate buffer solutions and under potentiostatic or 
galvanostatic charging conditions, steady-state permeation fluxes proportional to the reciprocal 
of the membrane thickness were observed down to 0.01 mm thin steel membranes28.  
On the other hand, recent permeation measurements in H2S containing solutions revealed a thin 
membrane behavior for steel membranes up to 2 mm34,38,54,55.  
 
Therefore, the interpretation of permeation data in sour service conditions needs to be taken 
with great caution when measurements are made through 0.5 to 2.0 mm membranes, which 
might often behave like a thin membrane. In such conditions, the diffusion flux is constant and 
the subsurface concentration is proportional to the membrane thickness. Thus, it would be 
erroneous to extrapolate the hydrogen subsurface concentration to thicker membranes. At least, 
for experiments in sour conditions, it is recommended to check that the thick membrane 
behavior applies, i.e. that the permeation current is inversely proportional with the membrane 
thickness. It is only under this condition that the hydrogen sub-surface concentration determined 
from the first Fick's law is meaningful and available for extrapolation to thicker membranes. 
Unfortunately, the verification of this property is only rarely found in published papers45. 
 
The purpose of this paper is to investigate more closely the impact of steel membrane thickness 
on hydrogen permeation in sour environments. When H2S is present in the charging solution, 
recent papers revealed that hydrogen diffusion through the bulk steel might not be rate limiting, 
even for relatively thick steel membranes. These findings have important consequences for the 
transfer of laboratory results on thin membranes to the real industrial situation of thick steel 
pipelines or pressure vessels. The goals of the present experimental study were to clarify the 
hydrogen permeation regimes in low alloyed steels exposed to sour conditions, and to discuss 
the practical consequences for HIC and SSC.  
 
EXPERIMENTAL PROCEDURES 
 
Tested Materials 
Two different API X65 steels were selected for the experimental program. The first one was a 
sweet service LSAW pipe, 42 inches diameter and 1 inch (25.4 mm) thick. The second one was 
a sour service hot rolled plate, 20 mm thick. Their microstructures are compared in Figure 3 and 
Figure 4 respectively. Their chemical composition is given in Table 1. For each of the steels 
studied, the microstructure consisted mainly of ferrite with a portion of pearlite. The sweet 
service grade had a more pronounced banded structure, particularly pronounced in the mid-
thickness. However, for all the permeation tests made during this study, no HIC was observed 
by ultrasonic inspection after immersion. Permeation membranes 70 x 70 mm² were machined 
from the raw materials, with thickness varying between 0.5 and 10 mm. 
 
Figure 3: microstructure of the sweet service grade in the L direction. 
 Figure 4: microstructure of the sour service grade in the L direction. 
 
Table 1: chemical composition of tested steels (wt. %). 
 C Mn Si P S Cr Ni Mo Cu Al Ti Nb 
steel A  0,046 1,36 0,322 0,008 0,001 0,041 0,036 0,008 0,047 0,036 0,019 0,045 
steel B  0,09 1,56 0,28 0,014 0,001 0,05 0,03 0,01 0,02 0,030 0,000 0,040 
 
Corrosive medium 
All solutions were prepared according to EFC16 document56, solution A, and thus contained 5% 
sodium chloride and 0.4% sodium acetate. 
The bubbling gas is either pure H2S, or a mixture of CO2 with 0.3 % to 10 % H2S, in order to 
obtain H2S partial pressure of 3 to 1000 mbar. 
After a thorough deoxygenating step, the solution was saturated by bubbling gas at ambient 
pressure. The pH was then adjusted to desired level through addition of deaerated 1N 
hydrochloric acid or deaerated 1N sodium hydroxide NaOH. The solution was then poured into 
the charging chamber. When the permeation current was stable, or after a period of 24 hours, 
the pH was decreased. Most of the time, the experimental sequence consisted of three pH 
steps: 5.5 – 4.5 – 3.5. For some specific tests, the experimental cell was place in an autoclave, 
in order to examine the impact of temperature. Some experiments at pH 3.5 were then done at 
25, 40 and 55 °C. 
 
Permeation measurements: electrochemical / air stream 
 
Most of the permeation experiments were conducted with a Devanathan-Stachurski28 cell 
(Figure 5) that was designed specially for thick specimens. The exposed surface area was 
19.6 cm2. The thickness of the specimen varied between 0.5 and 10 mm. 
 
 
Figure 5: Devanathan-Stachurski cell for permeation measurements on thick specimens. 
 
The experimental set-up consisted of two identical electrolytic cells separated by the steel 
membrane. The charging surface was left at the corrosion potential. The exit surface was coated 
with Pd57-59 and held in a 0.1 M NaOH solution at a potential of +300 mV vs. the saturated 
calomel electrode (SCE). Thus all the hydrogen atoms diffusing through the membrane were 
oxidized, this oxidation current providing a measure of the hydrogen permeation flux. 
 
Some experiments were made using the air stream measurement technique, with a device 
developed for industrial site monitoring39,43. The charging cell was identical to the one used for 
the electrochemical permeation, but the detection cell was replaced by a collector plate 
connected to the measurement apparatus. Under this configuration, the exit surface was simply 
rinsed with ethanol and dried. No palladium coating was used. 
 
Corrosion measurements: charging side 
 
For some tests, the corrosion rate of the steel in the charging solution was evaluated through 
polarization resistance ( pR ) measurements. The experimental parameters were as follows:  
- measurement of the open current potential (
ocE  vs. saturated calomel electrode) for 
30 seconds, 
- potentiondynamic sweep from -25 mV/
ocE  to +25 mV/ ocE  at 1 mV/s 
- Rp measurement by linear regression between -10 mV/ ocE  to +10 mV/ ocE  
 
The corrosion current was then calculated using the Stern and Geary equation: 
 
 
1 1
2.3
a c
corr
a c p
b b
J
b b R

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
 (16) 
 In H2S containing solutions, previous studies
34,60 determined anodic slopes 
ab  between 95 and 
135 mV/decade, and 
cb  between 180 and 270 mV/decade. For this study, we used 
120 mV/decade for both the anodic and cathodic slopes.  
 
The Rp measurements were made at different exposure times. A rapid decrease was usually 
observed immediately after immersion, but it usually stabilized after several hours. Only the 
steady-state values were used for this study.  
 
 
RESULTS 
 
Comparisons of electrochemical and air stream techniques 
 
According to Crolet and Bonis comparing different permeation techniques, air stream 
measurements are believed to provide a greater stability than electrochemical permeation38. It 
was shown that the extraction efficiency of their Pd coating was drastically decreased after one 
day of experiment. Therefore, these authors recommended that electrochemical methods should 
not be used for long term permeation studies. 
 
In order to check the impact of the permeation flux measurement method, electrochemical and 
air stream techniques were compared during the same experiment. It was then possible to 
compare for two identical steel specimens submitted to the same charging solution: 
- the electrochemical permeation rate 
electrochJ  related to the oxidation of H  into H

 in a 
0.1N NaOH solution and through a Pd coating, 
- the air stream measurement 
airstreamJ  related to the volume of 2H  effused from the exit 
face. 
 
For the sake of comparison, the proportionality between the electrochemical (
electrochJ ) and the 
air stream (
airstreamJ ) fluxes is given by: 
 
    2 1 2airstream electrochJ L cm s K J A cm        (17) 
 
where K  is a proportionality coefficient given by: 
 
 
1 R T
K
n F P

 

 (18) 
 
and n  is the number of electrons implied in the oxidation reaction (electrochemical 
measurement) corresponding to one molecule of 
2H  in the case of gaseous recombination (air 
stream measurement), F  is the Faraday constant (96490 C/equiv.), R  is the universal gas 
constant (8.3143 J.mol-1.K-1), T  is the absolute temperature (K) and P  is the pressure (Pa). 
Then, at ambient temperature and pressure, we can calculate that 
1127 .K pLµA . 
 
Comparison between both extraction methods was made at ambient temperature on two 
membranes of steel B (10 mm) exposed to the test solution saturated with 1 bar H2S and at pH 
4.5. The first membrane was used for electrochemical extraction with a standard Devanathan-
Stachurski28 arrangement, while an air stream hydrogen collector was placed on the second 
membrane. The results are presented in Figure 6, for which the proportionality between the Y-
scales was calculated with Equation (17) using 
1127 .K pLµA . 
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Figure 6: permeation transients measured simultaneously by air stream technique and 
electrochemical method, for two identical membranes (10 mm) of steel B exposed to test 
solution saturated with 1 bar H2S at pH 4.5. 
 
Similar trends can be seen with both measurement techniques. However, the air stream method 
seems to give lower values. Indeed, when the steady-state flux is reached, the permeation flux 
measured by electrochemical extraction is 13 µA.cm-2. According to Equation (17), the 
corresponding air stream flux would be 1650 pL.cm-2.s-1, while the flux effectively measured was 
only 1000 pL.cm-2.s-1.  
This indicates that natural extraction in gas phase (as with the air stream collection method) is 
less efficient than extraction by electrochemical oxidation. A possible explanation is that the 
hydrogen sub-surface concentration at the exit face is not zero in the case of air stream 
extraction.  
More comparative experiments should be necessary to examine this in more detail.  
 
For the remaining part of this study, all the experiments were performed with the electrochemical 
method. As illustrated in Figure 7 a good stability of the electrochemical measurements for 
exposure times up to 100 hours was observed during our experiments. 
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Figure 7: Permeation transient measured for a 10 mm membrane of steel B exposed to test 
solution at various pH saturated under 100 mbar H2S and 900 mbar CO2. 
 
Impact of pH2S and pH 
The impact of pH is illustrated in Figure 7 for a test on 10 mm membrane (steel B) under 
100 mbar H2S / 900 mbar CO2, with successive pH steps from 5.5 to 2.8.  
The impact of H2S partial pressure is illustrated in Figure 8, for permeation experiments on 1 mm 
thick membranes, tested at pH 5.5 with 0.3, 1 and 10 % H2S balanced with CO2 to a total 
pressure of 1 bar.  
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Figure 8: Permeation transients measured for 1 mm membranes of steel A exposed to test 
solution at pH 5.5 saturated under 1 bar with different H2S / CO2 ratios. 
 
As expected, the steady-state permeation flux increases with H2S partial pressure and with 
decreasing pH. In order to quantify the impact of both parameters, all the diffusion fluxes 
measured during this study were plotted in log scales as a function of H2S partial pressure 
(Figure 9) or as a function of pH (Figure 10).  
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Figure 9: Evolution of the steady-state permeation flux with H2S partial pressure (CO2 balance to 
1 bar) for different pH and membrane thicknesses (steel B). 
 
3,5 4,5 5,5
10
100
 
J
p
e
rm
 (
µ
A
/c
m
2
)
pH
steel A steel B
 10mm  10mm
 5mm  2mm
 0.5mm  0.5mm
J = k x (H
+
)
^0.17
 
Figure 10: Evolution of the steady-state permeation flux with pH for experiments under 100 mbar 
H2S and 900 mbar CO2, for different steel grades and different membrane thicknesses. 
 The same analysis was performed for the corrosion rate. For each experimental condition (pH – 
pH2S), linear polarization measurements were made in the charging cell. The corresponding 
results are presented in Figure 11 for the influence of H2S partial pressure and in Figure 12 for 
pH. From Figure 11, representing the evolution of the corrosion current density with H2S partial 
pressure, it seems that the impact of H2S is greater at high pH. From Figure 12, we can see that 
the corrosion rates of steel A (sour service grade) always exceed those of steel B (sweet service 
grade). However, the impact of pH is quite similar for both steel grades.  
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Figure 11: Evolution of the corrosion current density evaluated from Rp measurements as a 
function of H2S partial pressure (CO2 balance to 1 bar) for different test solution pH (steel B). 
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Figure 12: Evolution of the corrosion current density evaluated from Rp measurements as a 
function of pH and for experiments under 100 mbar H2S and 900 mbar CO2, for different steel 
grades. 
 
A unique expression could be derived to express the permeation flux evolution with proton 
concentration and H2S partial pressure: 
 
  
0.17 0.25
2permJ H H S
     (19) 
 
 
A law approximately similar was found for the corrosion rate, except that the pre-exponential 
factor was higher for steel grade A (higher corrosion): 
 
  
0.20 0.24 0.12 0.21
2corrJ H H S
      (20) 
 Quite remarkably, the exponential factor of the expression of the permeation flux with H2S partial 
pressure and H+ concentration seems to be independent of the steel grade and of the 
membrane thickness. The comparison of these results with the literature is quite interesting. 
Asahi et al.16 have studied low carbon high strength steels, and found that Jperm was proportional 
to  
0.25
2H H S
  . A similar trend was observed by Boellinghaus et al.36,37 for 13 % chromium 
martensitic martensitic stainless steels, with a steady state permeation flux proportional to 
 
0.16 0.25
2H S

. Those results were later confirmed by Duval et al.34 for ARMCO iron membranes, 
with an expression very close to that obtained during the present study. They also performed the 
same analysis for corrosion rate, through linear polarization measurements: 
 
  
0.25 0.15
2permJ H H S
     (21) 
  
0.25 0.20
2corrJ H H S
     (22) 
 
These results, obtained on thin membranes (0.5 – 1 mm) are in good agreement with the results 
of the present study, with exponential factors between 0.15 and 0.25 for H2S and H
+ impacts on 
permeation and corrosion.  
It is also extremely interesting to see that permeation on thick membranes still follows the same 
pH dependency than on thin membranes. More remarkable is the apparent absence of impact of 
the balance gas. Indeed, all the previous results16,34,36,37 were obtained with H2S / N2 gas 
mixtures, whereas H2S / CO2 mixtures were used in the present work. This should give rise to 
completely different surface films. In the latter case, HS- adsorption is in competition with HCO3
-, 
and a surface coverage of sulfide proportional to HS-/HCO3
-, i.e. proportional to pH2S/pCO2 is 
expected53. Then, the strict observance of the direct hydrogen charging model through HS- 
adsorbate would predict a  
^1
2pH S  law
53. According to Crolet55 commenting the results of 
Asahi et al.16, this dependence on  
0.25
2H H S
   should result from an error bar in a reaction 
order of 0, rather than a really significant reaction order of ¼. New experiments in H2S / N2 gas 
mix and comparisons with H2S / CO2 mix should help clarifying this point.  
 
Impact of temperature 
The impact of temperature on corrosion and permeation was evaluated through experiments at 
pH 3.5 and under 10 % H2S. The experimental cell was placed in an autoclave, and the 
temperature was progressively increased from 25 to 55 °C. A typical permeation transient is 
presented in Figure 13. 
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Figure 13: Impact of temperature on permeation transient measured for a 5 mm membrane of 
steel A exposed to test solution at various pH and under 100 mbar H2S and 900 mbar CO2. 
 
 It has to be noted that gas saturation was always performed under atmospheric pressure: 
therefore, the partial pressure of H2S is not rigorously the same for all experiments, as the water 
partial pressure at 25°C is approximately 30 mbar, whereas it reaches 150 mbar at 55°C. 
Nevertheless, considering that the permeation flux for our experimental conditions can be well 
described with Equation (19), the deviation associated with the H2S partial pressure change 
between 25 °C and 55 °C would be less than 5 %.  
 
In order to check if corrosion and permeation present thermal activation trends, the results are 
plotted in log scale, versus the reciprocal of temperature (Figure 14 and Figure 15). 
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Figure 14: Evolution of the steady-state permeation flux with temperature, for different 
experiments at pH 3.5 under 10 % H2S and 90 % CO2. 
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Figure 15: Evolution of the corrosion current with temperature, for different experiments at pH 
3.5 under 10 % H2S and 90 % CO2. 
 
Within this range of temperature, the evolutions of 
corrJ  and permJ  seem to follow an Arrhenius 
law: 
 
0
aE
R TJ J e

   (23) 
The values of the corresponding activation energies 
aE  are approximately 22 kJ.mol
-1 for the 
permeation flux and 30 kJ.mol-1 for the corrosion rate.  
 
The results are in good agreement with activation energies values found in the literature14,61 for 
hydrogen diffusion coefficient, between 17 kJ.mol-1 and 21 kJ.mol-1. However, in the present 
study, only the diffusion flux was evaluated, and the individual contributions of the diffusion 
coefficient and of the sub-surface concentration of hydrogen could not be separated. 
For corrosion rates in sour environment, no comparative results were found in the literature. The 
comparison with corrosion in CO2 corrosion gave activation energies around 50 kJ.mol
-1 62. 
 
Impact of Steel Membrane Thickness 
 
The impact of membrane thickness on permeation transient is illustrated in Figure 16, for 
permeation experiments on steel A membranes of various thickness, tested at pH 5.5 under 
100 mbar H2S and 900 mbar CO2.  
As expected, the thickness increase resulted in a decrease in the steady-state permeation flux 
decreased and an increase in the breakthrough time.  
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Figure 16: Permeation transients measured for steel A membranes of different thickness, 
exposed to test solution at pH 5.5 saturated with 100 mbar H2S and 900 mbar CO2. 
 
In order to verify the transition between thick and thin membrane behavior, the permeation flux 
was plotted versus the inverse of the membrane thickness, for tests under 100 mbar H2S and 
900 mbar CO2, at different pH and for both steel A and steel B (Figure 17). These experimental 
results accurately reproduce the theoretical predictions of Figure 2 38,54, with a thin membrane 
region for which the permeation flux is independent of the membrane thickness, and a thick 
membrane region, where the linearity of the flux with the reciprocal of the thickness is verified 
(dashed lines on Figure 17). The expected transition at 
critd  is effectively observed, and 
occurred between 2 and 3 mm. Above this thickness, the permeation flux is inversely 
proportional to the membrane thickness. For thinner membrane, a constant flux is observed. 
These findings also confirm previous results of Duval et al.34 who observed a thin membrane 
behavior up to 1.5 mm in comparable test solution. However, no clear demonstration of the 
transition between thick and thin membrane regimes was found in the literature to date.  
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Figure 17: Evolution of the steady-state permeation flux with membrane thickness for different 
experiments under 100 mbar H2S and 900 mbar CO2. 
 
 
 A more detailed interpretation of these results can be made after calculation of the permeation 
efficiency: 
 
 p diff chE J J  (24) 
 
This ratio was calculated as follows. For a given experimental condition, i.e. same material, 
same pH and same pH2S, the charging flux is constant and is given directly by the flux 
measured in a thin membrane condition, provided that the extraction method is ideal. Then, for 
each material and test solution (pH, pH2S), the permeation efficiency was calculated for each 
thickness as the ratio between the diffusion flux divided by the diffusion flux measured for a 
0.5 mm membrane. The corresponding results are presented in Figure 18, for tests on steel A 
and steel B, with pH from 2.8 to 5.5, and under 100 mbar H2S and 900 mbar CO2. 
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Figure 18: Evolution of permeation efficiency (Ep = Jdiff / Jch) with membrane thickness, for all 
experiments under 100 mbar H2S and 900 mbar CO2. 
 From this result, it is quite clear that for a given gas composition, the permeation efficiency has a 
similar shape, whatever the pH of the test solution between 2.8 and 5.5. The steel type does not 
seem to have an impact, but both had the same microstructure (ferrite - pearlite), steel A being 
sour service and steel B sweet service. This means that for a given H2S/CO2, any pH change will 
have the same quantitative impact on the charging flux Jch (equal to the diffusion flux measured 
on thin membrane) and on the hydrogen subsurface concentration 
0C  (proportional to the 
diffusion flux measured on thick membrane). This could be explained by the fact that both the 
charging flux and the sub-surface concentration depend on the surface coverage of adsorbed 
hydrogen, which is strongly affected by the pH. Nevertheless this result was not straightforward 
in sour conditions, with ionic species at the steel surface acting as recombination poisons or 
hydrogen entry promoters. It would be extremely interesting to perform the same analysis for 
solutions with different H2S concentration. Then, it will be possible to compare the respective 
impact of pH and pH2S on SSC (presumably related to chJ ) and HIC (presumably related to 0C ). 
 
CONCLUSION 
 
The measurements performed during this study represent the first experimental evidence of the 
thin to thick membrane behavior for hydrogen diffusion in sour conditions. As already 
forecasted34,54 the critical thickness corresponding to this transition is in the millimeter range, and 
does not seem to depend much on the test solution pH from 2.8 to 5.5. The impact of H2S was 
not quantified. 
 
This result confirms the model proposed by Crolet54 for the interpretation of permeation data of 
steel in sour conditions. Below the critical thickness, the diffusion flux diffJ  that is measured 
corresponds to the charging flux 
chJ , hence it may be expected to quantitatively relate to the 
severity of scenarios to cause SSC. Above the critical thickness, the diffusion flux is inversely 
proportional to the thickness and is therefore directly related to the sub-surface hydrogen 
concentration 
0C  and hydrogen activity. This is one important parameter for the susceptibility of 
steel to HIC, though others are also thought to play a major role, such as the presence of 
particular species like MnS.  
 
This suggests also that past studies on HIC or SSC of steels in sour conditions and under free-
corroding conditions could have been misinterpreted. Indeed, many studies were made on steel 
membranes not thicker than 1 – 2 mm, which behave like thin membranes in H2S conditions. 
Then, the measured flux is constant and equal to the charging flux. It can therefore not be used 
for the determination of 
0C , the result rather being an apparent sub-surface concentration 
*C  
proportional to the thickness and to the measured flux. Thus, the correlation with SSC that was 
sometimes found was a correct result, but the interpretation was wrong: the result of a thin 
membrane permeation measurement is proportional to the charging flux, and not to the sub-
surface concentration. But SSC is related to the charging mechanism, and not to internal 
hydrogen concentration. 
 
As a complement to the results obtained during this study, the determination of the permeation 
efficiency for various membrane thickness and for other H2S partial pressure would be of great 
interest: it would then be possible to study the pH – pH2S severity domains, for both HIC and 
SSC: the former in the light of permeation results on thick membranes, giving access to 
0C , the 
latter in the light of permeation results on thin membranes, giving access to the charging flux 
chJ .  
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